Field-driven domain wall (DW) propagation in ferromagnetic nanotubes displays unusual effects, as revealed by a micromagnetic study. The left-right symmetry of the DW dynamics is broken, yielding markedly different DW mobilities for opposite propagation directions. This asymmetry arises from the tubular geometry and its impact on the DW structure. Also, the Walker breakdown field and velocity are found to be asymmetric for opposite directions. In certain cases, the breakdown can even be suppressed in one or both directions. Topological constraint requires a vortex-antivortex pair mediated breakdown, contrary to the single (anti)vortex in flat strips. This results in a higher breakdown velocity. Recently, the study on magnetic domain wall (DW) dynamics has revived, especially in ferromagnetic nanostructures. Besides its fundamental interest, DW dynamics may play an important role in the emerging field of spintronics. Future devices based on DW displacement, such as the racetrack memory 1 and magnetic logic gates 2 have been proposed. For the optimization of such devices, it is essential to use DW guides that support fast and controlled DW motion. Concerning the improvement of the DW speed and stability, the main challenge consists in suppressing the Walker breakdown, 3 which causes an abrupt change of the DW structure above a critical velocity. The value of the critical velocity is closely related to how the DW alters its structure during the breakdown, which depends sensitively on the geometry of the DW guides. In the original model by Schryer and Walker, Bloch wall propagation in extended films was addressed, and there the DW breakdown resulted from the magnetization precession about the external field. 3 In laterally confined strips, the breakdown is accompanied by a periodic transformation between transverse and (anti)vortex walls, thus involving the nucleation and annihilation of single (anti)vortices at the lateral boundaries. 4 For reasons of easy fabrication, magnetic strips are currently the most common choice for DW guides. Theoretical studies, however, suggest that cylindrical wires might have important advantages as potential candidates for DW guides. [5] [6] [7] [8] [9] [10] Nowadays, the feasibility of fabricating round nanowires adds a technological relevance to these studies. [11] [12] [13] [14] In this letter, we describe a complex and previously unreported variant of the Walker breakdown process in cylindrical nanotubes. Due to the absence of lateral boundary, the usual type of breakdown process known from thin strips, which is mediated by the nucleation of a single (anti)vortex, is topologically forbidden in nanotubes. 15 Instead, a more complex process involving a vortex-antivortex pair creation is found, yielding a much higher breakdown threshold. In addition, the curvature of the tube causes a distinctly different effect compared to any flat geometry: the left-right symmetry of the DW propagation is broken. This particular behavior leads to the occurrence of a favorable and unfavorable propagation direction for a given DW. Alternatively, one can identify a favorable and an unfavorable DW chirality for a given propagation direction, which is merely a different perspective on the same effect.
The head-to-head (h2h) or tail-to-tail (t2t) DW structures occurring in flat strips 16 can be found in a similar way also in round wires, but their configurations differ slightly as they adjust to the geometry. 17 In particular, a characteristic vortex-like DW can form in hollow wires, i.e., magnetic tubes. 18, 19 The configuration of such a DW is shown in Fig. 1(a) . In the region between two oppositely magnetized domains, the magnetization circles around the wire and thereby forms a core-less vortex structure. Such a DW in tubes is in fact analogous to the transverse DW in flat strips, 10 as illustrated in Fig. 1(b) by artificially "unrolling" the tube. Similar to the two possible orientations of a transverse DW in a strip, this type of DW also occurs in two configurations according to the different vorticity in the DW region. Despite their energetic degeneracy, those two configurations display different dynamic behavior. This is due to the curvature of the tube and its influence on the DW configuration. Unlike transverse DWs in flat strips (shown in Fig. 1(c) ), where the magnetization lies perfectly in plane, the magnetization of the DW in a tube has a small but decisive radial component (m q ). This is displayed in Fig. 1(b) , where m q (averaged over the cross section of the tube) is plotted as a function of the position z. This non-zero m q forms in order to reduce one major source of the DW energy, namely the magnetostatic volume charges generated by the DW. By definition, the volume charge density is proportional to the divergence of the magnetization field. In a cylindrical coordinate system shown in Fig. 1(b) , the divergence of the magnetization vectorm reads
In this DW type, the main contribution of the volume charge density is due to the last term on the right-hand (RH) side of Eq. (1), being negative (positive) for h2h (t2t) DWs. Due to the symmetry of our setup, the third term vanishes. However, the first two terms, which always have the same sign in our calculations, provide a possibility to partially compensate the last term. Therefore, the positive radial component of the h2h DW shown in Fig. 1(b) can be understood as a result of energy minimization. For the same reason, a negative radial component appears in t2t DWs (not shown). As it will become clear later, this special feature of the DW structure is decisive for the break of left-right symmetry of DW propagation. The DW shown in Fig. 1(a) can be driven by applying an external field along the tube. The resulting DW propagation is determined by the Landau-Lifshitz-Gilbert (LLG) equation, which is solved numerically:
whereM is the local magnetization, M s the saturation magnetization, c the gyromagnetic ratio,H eff the effective field, and a the Gilbert damping factor. The calculations are done using our TetraMag finite-element micromagnetic code. 20 Typical material parameters of Permalloy, l 0 M s ¼ 1:0 T and exchange constant A ¼ 1:3 Â 10 À11 J=m are used. The sample volume is discretized into irregular tetrahedrons with edge length of about 3 nm. The damping parameter a is fixed to 0.02.
From the precessional term in the LLG equation it is easy to deduce that the external field exerts a torque on the DW in the radial direction. This torque either increases or reduces the already existing radial component of the static DW, depending on the vorticity of the DW and the field direction. Consequently, a moving DW with a given vorticity is distorted differently, depending on whether it moves to the left or the right. The four possible combinations of DW vorticity and field direction can be categorized according to the relative alignment between the field torque and the initial radial component. A convenient way is to define a chirality of the system by combining the DW vorticity with the field vector, as illustrated in Fig. 1(a) . Thereby, the four combinations can be reduced to two cases: left-handed (LH) and RH chirality. The different dynamic behavior of the DW for the two chiralities is displayed in Fig. 2 .
The data refer to the case of a h2h DW formed in a 4 lm long Permalloy tube with 60 nm outer diameter and 10 nm thickness. With a small field of 1 mT, the breaking of symmetry is already notable. Figure 2(a) shows the increase and the compression of the radial component of a moving DW in the LH and in the RH case, respectively. Remarkably, also the DW mobility (defined as the ratio of the DW velocity and the driving field) shows a strong dependence on the chirality, which is illustrated in Fig. 2(b) by plotting the DW velocity as a function of field in both chirality cases. This plot focuses only on the low-field regime. In the high-field regime, the average DW velocity in the LH case cannot be defined, as the reason will become clear later. The DW velocity data in the RH case at high fields was presented in an early publication 10 and is not relevant here. Figure 2 (c) displays the detailed DW motion driven by a 1 mT field by plotting the DW displacement as a function of time. After a short time of acceleration, the DW reaches a constant speed. The final DW speed in the RH case is clearly higher than the LH one.
The chirality-dependent distortion and mobility of the DW also affect the stability of the DW. The major technological concern about the DW stability is connected with the Walker breakdown, which causes the collapse of the DW structure above a certain critical velocity. The value of this critical velocity usually depends on the material and the geometry of the DW guide. In tubular DW guides, however, we found that this threshold velocity also depends on the DW chirality. In some cases, like the tube discussed here (60 nm outer diameter and 10 nm thickness), the chiral asymmetry can be maximal in the sense that the Walker breakdown only occurs in the LH chirality case, while in the RH case it is suppressed. This is shown in Fig. 2(c) , which displays the DW dynamics in an applied field of 8 mT. While in the case of RH chirality the DW moves at a constant speed, it undergoes a conversion process consisting of three stages in the LH case. In the first stage, the DW moves with a relatively small speed compared to the RH chirality case. In the second stage, the DW position remains nearly stationary. In the third stage, the DW resumes its motion and acquires a speed higher than that of the first stage. Notice that the DW speed of the third stage becomes the same as that in the RH chirality case.
This three-staged motion of the DW in the LH chirality case is found to be related to a breakdown process, as shown in Fig. 3 . For a better visualization, the unrolled tube is shown. This breakdown process is characterized by the nucleation of a vortex-antivortex pair. In Fig. 3(b) , the location of the (anti)vortex core is indicated by the crossing of two isosurfaces (m z ¼ 0 and m / ¼ 0) and isosurface m q ¼ 0.7, respectively. 21 Once the pair is created, the vortex and the anti-vortex move away from each other. Eventually they meet on the other side of the tube and annihilate. The evolution of this process can be viewed in a supplementary movie. 22 During the breakdown process, the DW stops moving and may even move backward momentarily, thereby showing a similar velocity drop as the Walker breakdown known from flat strips. Notice that after the annihilation of the pair, the DW vorticity (and hence the chirality) is reversed, as shown in Fig. 3(c) . The DW motion switches subsequently to the RH chirality case, as shown in Fig. 2(c) . The breakdown process in the tube differs from that in flat strips mainly in two aspects. First, the breakdown in the tube involves a vortex-antivortex pair instead of just a single (anti)vortex as in flat strips. 4 This is a topological effect resulting from the absence of the lateral boundary in the tubes. The preservation of the winding number requires a vortex-antivortex pair formation in the case of a tube (or an infinitely extended plane), while a nucleation of a single (anti)vortex is permitted in a strip of finite lateral extension. In the case of a tube, the instability of the DW structure sets in when the radial component becomes too large. Due to the topological constraint, this leads to the nucleation of a vortex-antivortex pair. A similar process of vortexantivortex pair creation and annihilation has been well understood in vortex dynamics. [23] [24] [25] Because of the higher energy needed to create a vortex-antivortex pair instead of a single (anti)vortex, the breakdown threshold in tubes is considerably higher than that in flat strips. In this particular case, the breakdown speed is around 800 m/s, much above the value (500 m/s) obtained from a flat strip with the same thickness and a width equal to the circumference of the tube. Secondly, the breakdown occurs only once in the tube and is permanently suppressed afterward, as shown in Fig. 2(c) , contrary to the repetitive process in flat strips. This is due to the breaking of the chiral symmetry in tubes, as discussed above.
The Walker breakdown is the ultimate outcome of the DW deformation during its motion. Considering the chiral dependence of the DW distortion, as shown in Fig. 1(a) , it is easy to understand that the breakdown threshold depends on the DW chirality, as predicted recently in an analytical model. 7 In the LH chirality case, the further increase of the radial component favors the nucleation of a vortexantivortex pair, while the opposite happens in the RH case. Consequently, the breakdown threshold is higher in the RH chirality case. In fact, the breakdown velocity in the RH case is too high to be reached in this particular case. Instead, the DW encounters a different speed limit, the magnonic limit, 10 which takes place at a DW velocity superior to the spinwave phase velocity, which is about 1000 m/s in this case.
The extent to which the asymmetric effects described in this article influence the DW propagation depends on the size of the tubes. Although a full understanding of the size effect remains a topic for future study, it is safe to point out that the chiral asymmetry of the DW mobility is a general feature for all tubes, regardless of their size. This is because it arises from the shape, which gives rise to a qualitative difference between the inner and the outer surface of the tube. Finally, we point out that although only results on h2h DWs are presented, the same physics holds also for t2t DWs with an opposite chiral preference of the DW mobility.
To conclude from an application point of view, magnetic nanotubes as DW guides have the advantage of high DW stability against the Walker breakdown due to a topological constraint. Given the asymmetric DW mobility, one can expect that a low frequency AC field could lead to a net displacement of the DW. This ratchet-type behavior in nanoscale may also have potential applications. In addition to the DW position, the chirality provides a further degree of freedom for carrying information that can be easily probed by the different mobility.
Note added in proof: A similar study on the switching of domain wall chiralities in nanotubes has been reported recently by J. A. Otálora et al. in an article that was published after the submission of this letter. 26 This work has been financially supported by the Deutsche Forschungsgemeinschaft through SFB 491.
